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Abstract 
The provision of a high-fat diet (47% of energy as fat) for 28 days led to a significant increase in hepatic pyruvate dehydrogenase 
kinase activity, together with significant suppression of hepatic pyruvate dehydrogenase (active form). An enhanced hepatic pyruvate 
dehydrogenase kinase activity continued to be observed at 6 h after the withdrawal of the high-fat diet. Significant suppression of hepatic 
pyruvate dehydrogenase kinase activity was observed in post-absorptive, high-fat-fed rats after a 2.5 h euglycaemic-hyperinsulinaemic 
clamp, such that differences in pyruvate dehydrogenase kinase activities between control and high-fat-fed rats were no longer evident. 
Starvation for 24 h in rats previously maintained on standard iet also evoked a substantial increase in hepatic pyruvate dehydrogenase 
kinase activity. This latter response was only partially reversed by 2.5 h of euglycaemic hyperinsulinaemia. Suppression of pyruvate 
dehydrogenase kinase activity by 2.5 h euglycaemic hyperinsulinaemia in high-fat-fed rats was associated with a substantial increase in 
hepatic pyruvate dehydrogenase activity (active form) whereas no significant increase in hepatic pyruvate dehydrogenase activity (active 
form) was observed after 2.5 h euglycaemic hyperinsulinaemia in 24 h-starved rats. The results are consistent with the proposition that 
hepatic pyruvate dehydrogenase kinase responds directly to an increase in lipid oxidation which is facilitated by insulin deficiency or an 
impaired action of insulin. 
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1. Introduction 
The pyruvate dehydrogenase complex (PDHC) is a 
major controlling enzyme for glucose oxidation. Down- 
regulation of flux through PDHC when rates of fatty acid 
(FA) oxidation are rapid occurs via end-product inhibition; 
phosphorylation (inactivation) of PDHC, catalysed by 
pyruvate dehydrogenase (PDH) kinase, imposes an upper 
limit on flux through PDHC (reviewed in [1,2]). It has 
been previously demonstrated by Randle's group that 
PDHC inactivation after prolonged (24-48 h) starvation is 
associated with stable enhancement of PDH kinase activi- 
Abbreviations: CMC, carboxymethylcellulose; Rd, glucose disappear- 
ance; HGP, hepatic glucose production; NEFA, non-esterified fatty acids; 
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ties in liver, heart and skeletal muscle (reviewed in [1]). 
This group has also demonstrated that the addition of 
glucagon and a fatty acid (n-octanoate) to hepatocytes 
from fed rats in culture can mimic the increase in PDH 
kinase activity that is observed in response to starvation 
[3]. This has led to the hypothesis that these agents may 
mediate the effects of prolonged starvation in vivo [3], an 
hypothesis which is supported by findings of elevated 
hepatic cyclic AMP concentrations and plasma non-esteri- 
fled FA (NEFA) concentrations after prolonged starvation 
[4]. 
Significant suppression of liver PDH kinase activity has 
been reported to occur when hepatocytes from 48-h starved 
rats are cultured in the presence of insulin [5]. However, 
insulin fails to suppress the effect of cyclic AMP to 
increase hepatic PDH kinase in cultured hepatocytes, and 
only partially opposes the effect of added FA to increase 
hepatic PDH kinase activity in culture [6]. In the intact 
animal, reversal of the starvation-induced increase in hep- 
M. C. Sugden et al. / Biochimica et Biophysica Acta 1316 (1996) 114-120 115 
atic PDH kinase activity by the administration of a carbo- 
hydrate-rich diet lags behind the initial rise in insulin [7]. 
A key question, therefore, is whether the effects of in- 
creased hepatic cyclic AMP or FA oxidation to increase 
hepatic PDH kinase activity can be opposed by insulin in 
vivo. To date, there have been no studies examining the 
characteristics of the regulation of hepatic PDH kinase by 
insulin and FA in the intact animal. Such studies are 
clearly of physiological importance since insulin-resistant 
states are associated with increased lipid fuel supply and/or 
utilization, despite high plasma insulin concentrations (re- 
viewed in [8]). In addition, it remains to be established to 
what extent longer-term regulation of PDH kinase activity 
is important in the control of PDHa activity in the intact 
animal. 
The present study examined the acute effects of insulin, 
together with the longer-term effects of starvation and 
increased ietary fat, on hepatic PDH kinase activities in 
vivo. In addition, the impact of stable changes in PDH 
kinase activities on the active form of PDH (PDHa) were 
defined. The high-fat diet used contained a moderate 
amount of saturated fat (47% of total calories) but retained 
sufficient carbohydrate (33% of total calories) to maintain 
relatively high plasma insulin concentrations [9]. This 
high-fat diet has been shown previously to suppress hep- 
atic PDHa activity in fed rats, and to evoke a stable 
increase in PDH kinase activity in liver after a 28-day 
period of administration [10]. 
2. Materials and methods 
Female Wistar rats (200-250 g) were maintained at 
21 + 2°C on a 12-h light-dark cycle and provided with ad 
libitum access to water and either standard low-fat/high- 
carbohydrate rodent diet (8% fat, 72% carbohydrate, 20% 
protein, by calories) or a semi-synthetic high-fat diet (47% 
fat, 33% carbohydrate, 20% protein, by calories) contain- 
ing lard as the major source of lipid (43% of total calories) 
and corn oil (4% of total calories) to prevent essential fatty 
acid deficiency (see [9]). The lard used contained palmitate 
(45%), oleate (37%), stearate (16%) and linoleate (14%) as 
its major fatty acid components. Daily energy intake and 
pattern of food intake did not differ significantly between 
control and high-fat-fed rats. Rats were maintained on their 
respective diets for 28 days. 
PDH kinase activities were assayed at pH 7.5 in ex- 
tracts of liver mitochondria by the rate of ATP-dependent 
inactivation of PDHa and computed as apparent first-order 
rate constants for ATP-dependent PDHa inactivation [11]. 
PDHa and citrate synthase activities were assayed spec- 
trophotometrically in freeze-clamped liver extracts as de- 
scribed in Ref. [12], except hat protease inhibitors were 
included in the extraction medium (see [9,13]). PDHa 
activities have been expressed relative to citrate synthase 
to correct for any differences in extraction efficiencies 
between groups. A unit of PDHa or citrate synthase activ- 
ity is defined as that which converts 1 mmol of substrate 
into product/min at 30°C. 
Insulin action in vivo was assessed using the eugly- 
caemic-hyperinsulinaemic clamp technique in awake, un- 
stressed, freely-moving rats (see Ref. [14] for full details of 
the procedure used). Rats were studied either in the post- 
absorptive (6-h starved) state or after 24 h starvation. 
Insulin (Human Actrapid, Novo Nordisk, Denmark) was 
given at a fixed rate of 4.2 mU/kg per min for 2.5 h. 
Blood glucose concentrations during the clamp were deter- 
mined using a glucose analyser (YSI, Yellow Springs, 
Ohio, USA). Hepatic glucose production (HGP) and glu- 
cose disappearance (Rd) were estimated by primed-con- 
stant infusion of [3-3H]glucose as described in Refs. 
[14,15]. In other studies, rats in the absorptive phase were 
administered 2-tetradecylglycidic acid (TDG) (2.5 rag/100 
g body wt., suspension in 0.5% (w/v)  carboxymethyl- 
cellulose) or 0.5% (w/v) carboxymethylcellulose by intra- 
gastric intubation, sampling after a 3 h treatment period 
[12,16,17]. Plasma NEFA concentrations were estimated 
using kits (Alpha Laboratories, Eastleigh, Hants, U.K). 
Cyclic AMP was estimated in extracts of freeze-clamped 
livers using a non-acetylation method with an RIA kit 
(Amersham, Bucks, UK). Hepatic glycogen concentrations 
were measured as described in Ref. [16]. 
Table 1 
Hepatic pyruvate dehydrogenase (PDH) kinase activities, plasma insulin and non-ester±fled fatty acid (NEFA) concentrations and hepatic glycogen and 
cyclic AMP concentrations in rats maintained on standard iet and sampled in the absorptive state (fed) or after 24 h of starvation (starved), and in rats 
maintained on high-fat diet and sampled in the absorptive state (fat-fed) 
Fed Starved Fat-fed 
Hepatic PDH kinase (min 1 ) 0.092 + 0.010 (13) 0.280 + 0.015 * * * (5) 0.192 _+ 0.022 * * * (6) 
Plasma insulin ( /~U/ml )  37 _+ 5 (24) 4 _+ 1 * * * (6) 27 _+ 5 (16) 
Plasma NEFA (mM) 0.20 _+ 0.02 (20) 0.75 ± 0.12 * * * (6) 0.25 _+ 0.04 (12) 
Hepatic glycogen (mg/g  wet wt.) 113 ± 5 (12) 2 ± 1 * * * (5) 79 _+ 7 ~ * * (9) 
Hepatic cyclic AMP (pmol /g  wet wt.) 425 ± 22 (12) 640:1:25 * * * (5) 366 ± 14 * (8) 
Experimental details are given in Section 2. Results are means ± S.E.M. with the number of observations in parentheses. Statistically-significant effects of 
24 h starvation or high-fat feeding are shown by * P < 0.05; * * P < 0.01; * * * P < 0.001. 
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Data are means +__ S.E.M. Statistical significance of dif- 
ferences between groups was assessed using Student's 
unpaired t-test. 
3. Results 
3.1. Blood and hepatic parameters after 28 days of high-fat 
feeding 
Starvation for 24 h led to a significant (3-fold, P < 
0.001) increase in hepatic PDH kinase activity (Table 1). 
This increase is comparable to that observed in response to 
starvation for 48 h [18]. High-fat feeding for 28 days also 
evoked a substantial (2.1-fold, P < 0.001) stable increase 
in hepatic PDH kinase activity (Table 1; see also [10]). 
Importantly, this increase was observed in fed rats sampled 
in the absorptive state (Table 1). Hepatic PDH kinase 
activities after 28 days of high-fat feeding were 69% of 
those observed after 24-h starvation of rats previously 
maintained on standard iet (Table 1). The increase in 
hepatic PDH kinase activity observed in response to high- 
fat feeding was associated with a 71% decline in hepatic 
PDHa activity in rats sampled in the absorptive state 
(standard iet, 9.9 + 0.4 (n = 5) mU/U of citrate syn- 
thase; high-fat diet 2.9 + 0.7 (n = 5) mU/U of citrate 
synthase; P < 0.01]. Insulin concentrations in high-fat-fed 
rats in the absorptive state were slightly lower (by 26%, 
NS) than those found in fed rats maintained on standard 
diet, but nevertheless remained significantly (P < 0.001) 
higher than those found in 24-h starved rats maintained on 
standard iet before starvation (Table 1). Whereas 24 h of 
starvation significantly increased plasma NEFA concentra- 
tions and decreased hepatic glycogen concentrations, the 
provision of the high-fat diet for 28 days was associated 
only with non-significant trends towards elevated plasma 
NEFA concentrations and hepatic glycogen depletion (Ta- 
ble t). Hepatic cyclic AMP concentrations were signifi- 
cantly increased (51%; P < 0.001) after 24 b of starvation, 
whereas they were significantly decreased (by 14%, P < 
0.05) after 28 days of high-fat feeding (Table 1). 
3.2. Plasma insulin and NEFA concentrations after eugly- 
caemic-hyperinsulinaemic clamps 
Euglycaemic-hyperinsulinaemic clamp data for plasma 
insulin and NEFA concentrations at an insulin infusion 
rate of 4.2 mU/kg per min are shown in Fig. 1. No 
significant differences existed between high-fat-fed and 
control rats with respect o post-absorptive insulin concen- 
trations; in both of these dietary groups, post-absorptive 
insulin concentrations were higher than those pertaining 
after 24 h of starvation (Fig. la). As shown in Fig. la, 
steady-state plasma insulin levels did not differ signifi- 
cantly between the three groups. Similarly, blood glucose 
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Fig. 1. Effects of euglycaemic-hyperinsulinaemic clamp on plasma in- 
sulin and non-esterified fatty acid (NEFA) concentrations in rats main- 
tained on standard (low-fat) diet and sampled in the postabsorptive state 
at 6 h after food withdrawal (termed control) and at 24 h after food 
withdrawal (termed starved) and in rats maintained on high-fat diet and 
sampled in the postabsorptive state at 6 h after food withdrawal (termed 
fat-fed). Plasma samples were obtained from rats in the basal state (closed 
bars) and at the end of the 2.5 h euglycaemic-hyperinsulinaemic clamp 
(open bars), Blood glucose concentrations in the basal and euglycaemic- 
hyperinsulinaemic states were: control, basal 4.1 +0.2 mM (n = 7), plus 
insulin 4.0_+0.1 mM (n = 5); starved, basal 2.9+0.2 mM (n = 8), plus 
insulin 4.25:0.3 mM (n= 7); high-fat, basal 3.85:0.1 mM (n = 7), plus 
insulin 3.85:0.1 mM (n=6) .  Full experimental details are given in 
section 2. Bars show means d: S.E.M. ** P<0.01 ;  *** P<0.001 
indicates statistically-significant differences from basal (postabsorptive) 
values for control rats. 
between the three groups (see legend to Fig. la). Plasma 
NEFA concentrations, measured in the basal (post-absorp- 
tive) state and at the end of the 2.5 h euglycaemic-hyperin- 
sulinaemic lamp are shown in Fig. lb. Plasma NEFA 
concentrations suppressed normally in response to hyperin- 
sulinaemia in both the starved and the high-fat-fed groups. 
3.3. Effects of acute (6 h) starvation on hepatic PDH 
kinase activities 
Hepatic PDH kinase activity in rats maintained on 
standard iet was not increased after 6 h of food with- 
drawal (i.e. in the post-absorptive state) (compare data for 
control rats in Fig. 2a and Table 1) and thus remained 
significantly (P < 0.001) lower than that found after 24 h 
starvation (termed starved in Fig. 2a). A period of food 
withdrawal exceeding 6 h is therefore necessary for 'star- 
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The effect of 24 h starvation to increase hepatic PDH 
kinase was, however, only partially reversed by 2.5 h of 
hyperinsulinaemia. Significant (P  < 0.05) suppression of 
hepatic PDH kinase activity was also observed in response 
to 2.5 h of hyperinsulinaemia in the group of rats previ- 
ously maintained on high-fat diet (Fig. 2a). The absolute 
decline in PDH kinase activity evoked in response to 2.5 h 
of hyperinsulinaemia was similar to that seen in 24-h 
starved rats (Fig. 2a). Hepatic PDH kinase activities in 
high-fat fed rats at the end of the 2.5 h hyperinsulinaemic 
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Fig. 2. Hepatic PDH kinase (a) and PDHa (b) activities in post-absorptive 
or 24-h starved control rats and in post-absorptive high-fat-fed rats in the 
basal state and after euglycaemic-hyperinsulinaemic clamp. Liver samples 
were obtained from the groups of rats described in Fig. 1. PDH kinase 
activities were measured in extracts of liver mitochondria. PDHa activi- 
ties were measured in freeze-clamped liver extracts. Full experimental 
details are given in section 2. Bars show means+S.E.M. * P <0.05; 
• * P < 0.01 indicates statistically-significant differences from control 
basal (postabsorptive) values. 
vation adaptation' of hepatic PDH kinase. The increased 
activity of hepatic PDH kinase observed in the absorptive 
state after 28 days of high-fat feeding was still evident in 
the post-absorptive state (Fig. 2a), indicating that the activ- 
ity change can be sustained for 6 h in the absence of a 
dietary lipid supply, but was not further enhanced by 6 h 
starvation (compare data in Fig. 2a and Table 1). 
3.5. Hepatic PDHa activities after 2.5-h euglycaemic-hy- 
perinsulinaemia 
We have demonstrated previously that hepatic PDHa 
activity in rats maintained on normal diet rapidly responds 
to food withdrawal, with significant suppression of activity 
within 3 -6  h of the onset of starvation [16,19]. Hepatic 
PDHa activity was not further reduced on extending the 
period of starvation from 6 to 24 h (compare control and 
starved data in Fig. 2b; see also [19]). As was the case for 
rats previously maintained on standard iet, hepatic PDHa 
activity in the post-absorptive state was low in rats previ- 
ously maintained on the high-fat diet (Fig. 2b). Eugly- 
caemic hyperinsulinaemia (2.5 h) led to a 3.8-fold increase 
(P  < 0.05) in hepatic PDHa activity in rats previously 
maintained on standard diet, but did not significantly in- 
crease PDHa activity in 24-h starved rats (Fig. 2b). A 
3.9-fold (P  < 0.05) increase in hepatic PDHa activity was 
observed in response to 2.5 h euglycaemic hyperinsuli- 
naemia in the rats previously maintained on the high-fat 
diet (Fig. 2b). 
3.6. Glucose kinetics after 28 days of high-fat feeding 
Enhanced hepatic PDH kinase activity in high-fat-fed 
rats was concomitant with significant (42%) suppression of 
whole-body glucose turnover, measured in the post-absorp- 
3.4. Effects of euglycaemic hyperinsulinaemia on hepatic 
PDH kinase activities after acute or prolonged starvation 
or after 28 days of high-fat feeding 
Using the euglycaemic-hyperinsulinaemic clamp tech- 
nique, we examined whether an acute change in insulin 
status in the absence of dietary manipulation could reverse 
the effects of 24 h starvation or 28 days of high-fat feeding 
to increase hepatic PDH kinase activity (Fig. 2a). Insulin 
clamp for 2.5 h at euglycaemia did not significantly influ- 
ence hepatic PDH kinase activities of rats previously main- 
tained on standard low-fat diet (Fig. 2a). In contrast, PDH 
kinase activity decreased by 26% in response to eugly- 
caemic hyperinsulinaemia n 24-h starved rats (Fig. 2a). 
Table 2 
Glucose kinetics in vivo in the post-absorptive state and during an 
euglycaemic-hyperinsulinaemic cla pfor control and high-fat-fed rats 
Control Fat-fed 
Rd (mg/min •kg) 
basal 11.85- 1 (5) 6.8 + 1.2 * (5) 
clamp 26.4+2.4 (7) 19.6+0.9 * (5) 
HGP (mg/min •kg) 
basal 11.8 + 1 (5) 6.8 _ 1.2 * (5) 
clamp 3.9 + 2.2 (7) 0.4 + 1.2 (5) 
Experimental details are given in Section 2. Results are means + S.E.M. 
with the number of observations in parentheses. In the post-absorptive 
state hepatic glucose production (HGP) equals whole-body glucose dis- 
posal (Rd). Statistically significant effects of high-fat feeding are shown 
by * P<0.05. 
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Fig. 3. Hepatic PDHa activities after TDG-treatment. ConWol and high- 
fat-fed rats were sampled at 3 h after the intragastric administration of
either 0.5% (w/v)  carboxymethylcellulose (CMC; closed bars) or TDG 
as a suspension in 0.5% (w/v)  carboxymethylcellulose (open bars). 
PDHa activities were measured in freeze-clamped liver extracts. Full 
experimental details are given in section 2. Bars show means ___ S.E.M. 
* P < 0.05 for the effects of TDG-treatment. 
tive state where HGP equals Rd (Table 2). Although Rd 
was increased in response to euglycaemic hyperinsuli- 
naemia in both dietary groups [by 2.2-fold (P < 0.001) in 
the control rats and by 2.9-fold (P < 0.001) in the high- 
fat-fed rats], high-fat feeding for 28 days was associated 
with a significantly lower insulin-stimulated R (Table 2). 
Despite its effects to suppress basal glucose turnover (HGP 
= Rd) and to suppress insulin-dependent Rd, but consis- 
tent with the normal response of hepatic PDHa to hyperin- 
sulinaemia (see above) the high-fat diet did not impair the 
action of insulin to suppress HGP (Table 2). 
3.7. Effects of inhibition of fatty acid oxidation on hepatic 
PDHa activities in high-fat-fed rats in the absorptive state 
To test whether suppression of hepatic PDHa activity 
observed in high-fat-fed rats in the absorptive phase was 
secondary to increased hepatic FA oxidation, PDHa activi- 
ties were measured in high-fat-fed rats treated with TDG, a 
potent inhibitor of carnitine palmitoyltransferase I [20]. 
TDG was without effect on hepatic PDHa activity in fed 
rats maintained on standard iet (Fig. 3, see also [12]), but 
led to a significant increase in hepatic PDHa activity 
within 3 h in high-fat-fed rats (Fig. 3). After 3 h-treatment 
with TDG, hepatic PDHa activities in high-fat-fed rats no 
longer differed significantly from control activities (Fig. 
3). 
4. Discussion 
The provision for 28 days of a diet moderately high in 
saturated fat, with a lipid/carbohydrate ratio (1.4:1) com- 
parable with that of the 'Western' diet, evoked a substan- 
tial (approx. 2-fold) stable increase in the hepatic activity 
of PDH kinase in rats sampled in the absorptive state (see 
also [10]). This fold increase in activity is comparable in 
magnitude to that which can be evoked by the total 
withdrawal of nutrients for 48 h [18]. The parallels be- 
tween the effects of high-fat feeding and prolonged starva- 
tion to increase hepatic PDH kinase activity strongly sug- 
gest that the response to starvation does not necessarily 
reflect an effect of calorie deprivation, but (as is appropri- 
ate for an enzyme whose activity might be expected to 
influence the rate of irreversible loss of carbohydrate 
through oxidation) is instead an adaptation to achieve 
carbohydrate sparing under conditions of carbohydrate 
scarcity. The response of hepatic PDH kinase to carbo- 
hydrate scarcity could be signalled by the carbohydrate 
status itself (for example, through changes in glycaemia or 
glycogen storage), to hormonal changes associated with 
changes in carbohydrate status (including changes in con- 
centrations of insulin and other glucoregulatory hormones) 
or to other metabolic events secondary to changes in 
carbohydrate or hormonal status elicited by food with- 
drawal, for example, NEFA mobilisation. The present 
experiments were therefore designed to elucidate the key 
events underlying the effects of dietary carbohydrate r - 
striction to increase hepatic PDH kinase activity. 
The present experiments demonstrating partial reversal 
of the effects of prolonged (24 h) starvation by 2.5 h of 
euglycaemic hyperinsulinaemia at the physiologically- 
relevant insulin concentration of approx. 50 mU/ml pro- 
vides, for the first time, evidence for a direct effect of 
insulin in the long-term suppression of hepatic PDH kinase 
in the intact animal. A rise in blood glucose concentration 
is clearly unnecessary for this effect of insulin to be 
observed. Suppression of hepatic PDH kinase activity by 
insulin can thus be uncoupled to the effects of insulin on 
hepatic glycogen metabolism, where glycogen deposition 
is linked to increased glycaemia. The extent to which 
hepatic PDH kinase activity was suppressed after 2.5 h 
hyperinsulinaemia in the present study is very reminiscent 
of that observed in vivo during carbohydrate r feeding 
after prolonged starvation in that hepatic PDH kinase 
activities are decreased by approx. 20% after 2 h of 
refeeding, but complete suppression to fed values requires 
a more prolonged (4-8 h) refeeding period [7]. In contrast, 
culture of hepatocytes prepared from starved rats for 4 h 
with insulin in the absence of any other further addition 
can suppress hepatic PDH kinase activity at an insulin 
concentration aslow as 10/zU/ml [5,6]. This discrepancy 
between data obtained in vitro and in vivo suggests that, in 
the intact animal, positive factor(s) enhancing PDH kinase 
activity may be dominant to the effect of insulin to sup- 
press hepatic PDH kinase activity. This conclusion is 
supported by the finding of increased hepatic PDH kinase 
activities in the high-fat-fed rats despite plasma insulin 
concentrations considerably higher than those observed 
after starvation. 
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Culture of hepatocyte preparations from fed rats for 21 
h with fatty acids and glucagon mimics the effect of 
high-fat feeding to effect a stable increase in hepatic PDH 
kinase activity [3]. The patterns of response of hepatocyte 
PDH kinase to culture, dibutyryl cyclic AMP and added 
fatty acids have indicated that the effect of starvation may 
possibly be mediated by a rise in cyclic AMP in conjunc- 
tion with an increase in intramitochondrial f tty acyl-CoA 
or another product of fatty acid /3-oxidation ([3,6,21,22], 
reviewed in [1]). Insulin fails to suppress the effect of 
cyclic AMP to increase hepatic PDH kinase activity in 
cultured hepatocytes but can partially oppose the effects of 
added FA to increase PDH kinase activity in cultured 
hepatocytes [6]. In the present experiments, hepatic yclic 
AMP concentrations i  vivo were not increased by high-fat 
feeding, whereas 24 h starvation of rats previously main- 
tained on standard iet significantly increased hepatic yclic 
AMP concentrations. Partial suppression of hepatic PDH 
kinase by insulin was observed in vivo in 24-h starved rats 
(where hepatic cyclic AMP concentrations are high), 
whereas complete suppression of PDH kinase activity was 
observed in high-fat fed rats, which do not exhibit in- 
creased hepatic cyclic AMP concentrations. Within the 
physiological context of the increases in insulin associated 
with re-feeding after prolonged starvation, the complete 
suppression of hepatic PDH kinase only after 4-8 h [7] is 
coincident with the delayed switch of intra-hepatic fatty 
acid disposition from oxidation to esterification [23,24]. At 
the levels of hyperinsulinaemia achieved uring the clamp 
in the present experiments, the endogenous supply of FA 
was reduced through suppression of adipose-tissue lipoly- 
sis and, as the euglycaemic-hyperinsulinaemic clamps were 
performed with post-absorptive rats, a dietary source of 
lipid was excluded. The present in vivo results are thus 
consistent with a key regulatory role for FA oxidation in 
effecting stable increases in hepatic PDH kinase activity in 
response to increased ietary lipid as well as prolonged 
starvation. They do not support an obligatory role for 
increased cyclic AMP in effecting long-term stable in- 
creases in hepatic PDH kinase activity, but do support he 
proposition that hepatic PDH kinase responds directly to 
an increase in lipid oxidation which is facilitated by a rise 
in cyclic AMP, insulin deficiency or an impaired action of 
insulin. 
In addition to the long-term mechanism involving a 
stable increase in its specific activity, PDH kinase is 
potentially subject o short-term activation by the increased 
mitochondrial NADH/NAD ÷ and acetyl-CoA/CoA con- 
centration ratios occasioned by increased rates of fat oxida- 
tion [25]. Hepatic PDHa inactivation after acute (6 h) 
starvation is not, however, reversed by inhibition of hep- 
atic fatty acid oxidation alone [16], although it is reversed 
by insulin injection or pharmacological inhibition of PDH 
kinase [19]. In contrast, reversal of the effects of high-fat 
feeding to suppress PDHa activity was achieved in high- 
fat-fed rats in the absorptive state (i.e., where insulin 
concentrations are relatively high) through the use of TDG, 
an inhibitor of mitochondrial fatty acid oxidation. These 
results confirm the existence of significant FA oxidation 
by the liver in the fed state in this model of high-fat 
feeding and thus are consistent with the concept that 
suppression of hepatic PDHa activity is achieved by acti- 
vation of hepatic PDH kinase by the oxidation of FA. In 
addition, the suppression of hepatic PDH kinase activity 
and NEFA supply by hyperinsulinaemia in post-absorptive 
high-fat-fed rats was associated with a substantial increase 
in hepatic PDHa activity. This demonstrates that when the 
dietary lipid input is interrupted (e.g. by food withdrawal), 
the long-term effects of high-fat feeding can be countered 
by an elevation in the insulin concentration. 
Of interest is the finding that the extent of suppression 
of PDH kinase that is elicited by 2.5 h euglycaemic-hyper- 
insulinaemia n 24-h starved rats (to a value similar to that 
observed in high-fat-fed rats in the absorptive phase) is not 
associated with reversal of hepatic PDHa activities to those 
found in the fed state. This is reminiscent of the situation 
observed at 2 h of refeeding after prolonged starvation, 
where the modest (approx. 20%) suppression of hepatic 
PDH kinase activity is not associated with an increase in 
hepatic PDHa activity [7]. As noted above, this period of 
hyperinsulinaemia is insufficient to effect a switch from 
hepatic fat oxidation to esterification after starvation. Taken 
together with the results obtained in high-fat fed rats, the 
present results strongly imply an important role for long- 
term increases in PDH kinase activity in restricting hepatic 
pyruvate oxidation under conditions where hepatic fat 
oxidation is significant. 
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